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In this report, the polarization properties of the photoluminescence emitted by single nitrogen-
vacancy (NV) color centers in diamond are investigated using resonant excitation at cryogenic
temperature. We first underline that the two excited-state orbital branches are associated with
two orthogonal transition dipoles. Using selective excitation of one dipole, we then show that
the photoluminescence is partially unpolarized owing to fast relaxation between the two orbitals
induced by the thermal bath. This result might be important in the context of the realization of
indistinguishable single photons using NV defect in diamond.
PACS numbers: 78.55.Qr, 42.50.Ct, 42.50.Md, 61.72.J
The nitrogen-vacancy (NV) color center in diamond is
an outstanding candidate for solid-state quantum infor-
mation processing because its spin state can be coher-
ently manipulated with high fidelity owing to long co-
herence time, even at room temperature1. The electron
spin of a single NV defect behaves as an ultrasensitive
magnetometer at the nanoscale2,3, allowing to optically
detect magnetic dipolar coupling with neighboring single
electron and nuclear spins of the diamond crystalline ma-
trix4,5. Such magnetic coupling has recently been used as
a resource for realizing quantum registers6 and multipar-
tite entanglement among single spins in diamond7. The
maximum distance for which magnetic dipolar coupling
can be detected depends on the NV defect electron spin
coherence time and on the spin-spin interaction strength.
Although coherence times up to several milliseconds have
been measured in ultra-pure diamond samples8, a few
tens of nanometers is the limit distance to detect mag-
netic coupling between two independent NV defect and
thus to create entanglement between local quantum reg-
isters.
A way to achieve entanglement between NV de-
fects over macroscopic distances relies on coupling be-
tween spin states (stationary qubit) and photons (fly-
ing qubit)9,10,11,12. Performing such long-distance entan-
glement protocols requires the emission of indistinguish-
able single photons from each single emitter, i.e. Fourier
transform relation between their spectral and temporal
profiles, same spatial mode and identical polarizations.
Although Fourier-transform emission from single NV de-
fect in diamond has recently been reported at cryogenic
temperatures13,14, the polarization properties of the pho-
toluminescence (PL) have not been investigated in details
so far. Such knowledge is however of crucial importance
in order to achieve emission of indistinguishable single
photons.
In this letter, we study the polarization properties of
the PL emitted by single NV defect in diamond. Us-
ing resonant excitation at low temperature, we first show
that the two excited-state orbitals are associated with
two orthogonal transition dipoles. The polarization prop-
erties of emitted photons are then analysed using selec-
tive excitation of a given transition dipole. We find that
the PL is partially unpolarized owing to relaxation be-
tween the two orbitals induced by the thermal bath.
The NV color center in diamond consists of a substi-
tutional nitrogen atom (N) associated with a vacancy
(V) at an adjacent lattice site, giving a defect with C3v
symmetry (Fig. 1(a)). For the negatively charged NV
color center addressed in this study, the ground state
is a spin triplet state 3A2 in which the degeneracy is
lifted by spin-spin interaction into a spin doublet Sx, Sy
and a spin singlet Sz, where z is the NV symmetry
axis15,16,17. The excited state 3E is also a spin triplet, as-
sociated with a broadband PL emission with zero phonon
line (ZPL) around 637 nm (1.945 eV), which allows op-
tical detection of single NV defects using confocal mi-
croscopy18,19,20. Besides, the 3E excited state is an or-
bital doublet, in which the degeneracy is lifted by non-
axial local strain into two orbitals, Ex and Ey, each or-
bital branch being formed by three spin states Sx,Sy and
Sz (see Fig. 1(b))21,22. Optical transitions 3A2 →3E are
spin-conserving. Furthermore, owing to C3v symmetry
of the defect, electric dipole transitions are allowed for
dipoles in the plane perpendicular to the symmetry axis
of the NV defect (z axis). Thereby, the excited-state or-
bital branches Ex and Ey are expected to be associated
with two orthogonal dipoles located in the (x, y) plane
(see Fig. 1(a))23,24,25.
Recently, resonant optical excitation of single NV de-
fect at low temperature has shown that the optical
transition |Sz〉 → |Ex, Sz〉 is the only cycling transi-
tion21,22. All other transitions are not cycling as spin-
flips can likely occur, either by inter-system crossing
to the metastable state, or through a mixing of the
excited-state spin sublevels by non-axial spin orbit in-
teraction and local strain. Experimental observation of
the excited-state orbital doublet then requires the use of
a microwave (MW) excitation resonant with the ground
state transition, in order to maintain a time-averaged
population within each of the ground state spin sub-
levels21,22.
In the following, we investigate single NV defects in
a [111]-oriented type IIa natural diamond, where the ni-
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FIG. 1: (color online). (a)-Atomic structure of the nitrogen-
vacancy (NV) defect in diamond indicating two orthogonal
dipoles associated with the excited-state orbital branches Ex
and Ey, in the plane perpendicular to the symmetry axis
z. (b)-Energy-level diagram, showing the spin triplet ground
state 3A2 and the spin triplet excited-state
3E, split into two
orbital branches Ex and Ey by local strain. (c)-Excitation
spectrum of a single NV defect. Resonances marked with the
symbol (?) correspond to transitions linking Sz spin sublevels.
trogen concentration is below 1 ppm. Among the four
possible orientations of NV defects in the diamond ma-
trix, along [111], [1¯1¯1], [11¯1], or [1¯11] direction, we re-
strict the study to [111]-oriented defects, for which the
quantization axis z is normal to the sample surface. For
such an orientation, the two transition dipoles Ex and
Ey are therefore in the diamond surface plane, which is
the best configuration for studying polarization proper-
ties of single NV defects emission. As the PL intensity is
stronger for [111]-oriented defects compared to the three
other orientations, it is possible to distinguish optically
[111]-oriented NV defects in the sample25. Note that the
NV defect orientation has also been checked by recording
electron spin resonance (ESR) spectra with a magnetic
field applied along the [111] axis. As the angle between
the magnetic field and the NV defect quantization axis
changes for different orientations, a measurement of Zee-
man splitting in ESR spectrum allows to distinguish NV
defects with [111] orientation25.
Single NV defects are imaged using confocal mi-
croscopy at cryogenic temperatures (T ≈ 4 K). A tun-
able laser diode is used to excite resonantly NV centers
on their ZPL while the red-shifted PL between 650 nm
and 750 nm is detected in a confocal arrangement and
used to monitor excitation spectra by sweeping the laser
diode frequency. In addition, MW resonant with the
ground state spin transition are applied via a 20 µm di-
ameter copper microwire located close to the NV defects,
in order to observe the full structure of the excited-state.
A typical excitation spectrum of a single NV defect is
depicted in Fig. 1(c). Three optical transitions are ob-
served for each excited-state orbital Ex and Ey, corre-
sponding to transitions between identical spin sublevels.
In the following, we focus on the transitions linking Sz
spin sublevels for each orbital branch (see (?) symbols in
Fig. 1(c)), which are the most efficient transitions owing
to the low shelving rate to the metastable state from Sz
spin sublevels15.
We first investigate the relative orientation of the tran-
sition dipoles associated with the two excited-state or-
bitals Ex and Ey, by rotating the polarization of the laser
diode used for optical excitation. Figure 2(a) depicts a
typical accumulation of excitation spectra recorded by
sweeping the laser frequency around the optical transi-
tion |Sz〉 → |Ey, Sz〉 in the lower branch Ey, while rotat-
ing the laser polarization. By integrating such excitation
spectra, the PL intensity associated with the transition
|Sz〉 → |Ey, Sz〉 can be displayed as a function of the laser
polarization angle (see Fig. 2(b)). As expected, a mod-
ulation with a contrast closed to unity is observed. The
same experiment is then performed by sweeping the laser
frequency around the optical transition |Sz〉 → |Ex, Sz〉
linking Sz spin sublevels in the upper branch Ex. As
depicted in figure 2(b), the PL intensity associated with
|Sz〉 → |Ex, Sz〉
|Sz〉 → |Ey, Sz〉
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FIG. 2: (color online). (a)-Accumulation of excitation spec-
tra recorded by sweeping the laser diode frequency around the
optical transition |Sz〉 → |Ey, Sz〉 in the lower branch while
rotating the laser polarization. Note that the position of the
resonance is deflected owing to slow drift of the laser diode
frequency. (b)-PL intensity as a function of the laser polariza-
tion angle for the optical transition linking Sz spin sublevels
in the lower branch Ey (red) and in the upper branch Ex
(blue). Solid lines are data fitting using cosine functions.
3this transition is also modulated, with an opposite phase
which is the signature that the two orbital branches are
indeed associated to orthogonal transition dipoles in a
plane perpendicular to the [111] symmetry axis of the
NV defect.
We now study the polarization properties of the emit-
ted photons associated with each orbital branch. For
such experiments, the laser diode polarization angle is
fixed and a polarizer is installed in front of the single
photon detector used to detect single NV defect. Follow-
ing the method described above, excitation spectra are
then accumulated by sweeping the laser frequency around
a given transition linking Sz spin sublevels, while rotat-
ing the polarizer in the detection channel. The results of
such experiments are shown in figure 3. The PL intensity
is modulated with an opposite phase depending on which
optical transition is selectively excited. However, the con-
trast of the modulation is measured around 55% for both
orbital branches, whereas it should be equal to unity for
perfectly polarized emission. Such decrease of the mod-
ulation contrast could be explained by a slight ellipti-
cal polarization accumulated along the optical path from
the sample to the single-photon detector. In order to ex-
clude such possibility, a quarter-wave plate was installed
in front of the polarizer in order to compensate any kind
of ellipticity introduced in the experimental setup. The
contrast of the modulation was then measured for differ-
ent angle of the quarter-wave plate. As depicted in fig-
ure 3(b), no improvements could be achieved indicating
that the decrease in contrast might result from intrinsic
dynamics between the two excited-state orbital branches.
Indeed, any relaxation between the two orbitals would de-
crease the contrast as photons emitted from each orbital
branch have orthogonal polarizations.
The energy splitting ∆ between the two excited-state
orbitals depends on the local strain in the vicinity of the
NV defect22 and is on the order of ∆ = 3−10 GHz in the
studied sample. Experiments are performed at T = 4K,
which corresponds to a thermal energy kT ≈ 100 GHz.
Consequently, kT  ∆ and the thermal bath can intro-
duce flips between the two orbitals in order to reach the
Boltzmann equilibrium. As such a process is not altering
the spin projection, it might be fast enough to equilibrate
partially the population between the two excited-state or-
bitals within the radiative lifetime of the NV defect.
In the following, we tentatively propose a simple model
allowing to derive the relaxation rates between the or-
bital branches. We denote px (resp. py) the population
of Sz spin sublevel in the upper branch Ex (resp. in
the lower branch Ey) and we consider excited-state pop-
ulation dynamics before the radiative decay. Neglecting
inter-system crossing to the metastable state, the rate
equations for this simplified two-level system are given
by:
d
dt
px(t) = cxy py(t)− cyx px(t) (1)
px(t) + py(t) = 1 (2)
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800
600
400
200
0
Ph
ot
ol
um
in
es
ce
nc
e 
(a
.u
.)
360270180900
Polarizer angle (°)
1.0
0.5
0.0
Co
nt
ra
st
100806040200
Quarter-wave plate angle (°)
(a)
(b) (c)
|Ey, Sz〉
|Ex, Sz〉
∣∣3A2, Sz
〉
kT
∆
λ/4 P D
FIG. 3: (color online). (a)-PL intensity as a function of the
angle of a polarizer (P) installed in front of the single photon
detector (D). Red points (resp. blue points) correspond to
resonant excitation of the optical transition linking Sz spin
sublevels in the lower branch Ey (resp. in the upper branch
Ex). Solid lines are data fitting using cosine functions. A con-
trast C = 55% is measured for each excited-state branches.
(b)-Contrast of the modulation as a function of the angle of
a quarter-wave plate positioned in front of the polarizer. (c)-
When the transition |Sz〉 → |Ex, Sz〉 is excited resonantly, the
thermal bath partially equilibrates the population between
the two excited-state branches within the radiative lifetime.
Photons are then emitted with different frequencies and or-
thogonal polarizations.
where cij is the transition rate induced by the thermal
bath from the orbital branch Ej to the orbital branch Ei.
The coefficients cij fulfill the relation26
cxy = cyx e−∆/kT . (3)
As kT  ∆, we then consider cij = γ. Assuming for
instance that the excitation is resonant with the tran-
sition linking Sz sublevels in the upper branch Ex, i.e.
px(0) = 1 and py(0) = 0, it is straightforward to show
that
px(t) =
1
2
(
1 + e−2γt
)
(4)
py(t) =
1
2
(
1− e−2γt) . (5)
The average population in each excited-state orbital
before radiative decay can then be approximated by
〈px〉 ≈ px(τ) and 〈py〉 ≈ py(τ), where τ is the excited-
state radiative lifetime (τ ≈ 12 ns). As photons emitted
from different excited-state orbital branch have orthogo-
nal polarizations, the PL intensity I is finallly given by
I ∝ 〈px〉2 cos2 θ + 〈py〉2 sin2 θ (6)
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FIG. 4: (color online). Contrast of the modulation (solid line)
and parameter α (dash line) as a function of γ−1, using τ = 12
ns.
where θ is the angle between the polarizer and the x axis.
We notice that the oscillating term at the beat frequency
∆ is averaging to zero owing to the time response of the
photodetector.
Rotating the polarizer angle thus leads to a modulation
of the PL intensity with a contrast C given by
C =
Imax − Imin
Imax + Imin
=
1− α2
1 + α2
(7)
where α = tanh(γτ). Note that α = 〈py〉 / 〈px〉 when
considering a resonant excitation with the upper branch
Ex whereas α = 〈px〉 / 〈py〉 for a resonant excitation on
the lower branch Ey.
If γ−1  τ , the thermal equilibrium is achieved be-
fore radiative decay, leading to α = 1 and C = 0. There-
fore, the PL is unpolarized. Conversely, if γ−1  τ , the
emission is perfectly polarized as α = 0 and C = 1. In
intermediate situations, an estimate of the modulation
contrast is a direct measurement of the relative popu-
lation in each of the excited-state orbital branch (see
Fig. 4). For the data shown in figure 3(a), a contrast
of 55% is measured, corresponding to γ−1 ≈ 20 ns and
α ≈ 50%. We notice that modulation contrasts ranging
from 0 to 60% have been measured for different single
NV defects. We explain this observations by considering
that the transition rate γ induced by the thermal bath
depends on the local environment of the NV defect and
can be fast enough to lead to fully unpolarized emission,
i.e. γ−1 < 3 ns as previously reported in the context of
hole-burning studies27.
In conclusion, using resonant excitation at low temper-
ature, we have shown that NV defect photoluminescence
is partially unpolarized. This work gives significant in-
sight into the NV defect dynamics in the excited-state
which are important in the context of the realization of
indistinguishable single photons using NV defect in di-
amond. Indeed, owing to fast relaxation between the
two excited-state orbitals induced by the thermal bath,
indistinguishability could only be obtained by selecting
the emission from one excited state orbital branch using
a well adjusted polarizer.
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